Abstract: Spectral requirements for the first stage OPO used to pump a tandem ZGP mid-infrared OPO are theoretically investigated. Based on these requirements we demonstrate a singly-resonant type-I OPO including periodically poled KTiOPO 4 and volume-Bragg gratings as output couplers. Singly resonant oscillation is demonstrated very close to degeneracy, where signal and idler spectra are not well separated. Investigations of the longitudinal mode spectrum and the idler spectrum with high resolution using a scanning Fabry-Perot interferometer show the essential role played by the phase correlations of the multi-longitudinal mode Q-switched pump laser in formation of the nonresonant idler spectrum.
Introduction
High average power and high-energy coherent radiation in the mid-infrared (MIR) spectral region spanning wavelengths from 3 µm to about 8 µm is desirable for a number of applications including directed countermeasures, remote sensing and surgery. One of the methods of obtaining this radiation is by using a tandem optical parametric oscillator (OPO) system which can be pumped by well established Q-switched lasers at 1064 nm. Typically such tandem OPO consists of a degenerate or near-degenerate OPO operating at 2 µm which in turn pumps a mid-infrared (MIR) OPO employing ZGP or orientation-patterned GaAs [1, 2] . The most critical link in this system is the first OPO at 2 µm. In designing the tandem OPO one needs to take into account that the bandwidth of the radiation generated at 2 µm affects the efficiency of the subsequent MIR OPO. This is a well known fact, but to answer exactly how much the total efficiency suffers as the 2 µm radiation bandwidth is increased is not straightforward. This is the first question we set to answer in this work.
Near degeneracy the gain bandwidth in a type I configuration, where signal and idler have the same polarization, can be several hundred nm. This is especially true for quasi-phase matching (QPM) in periodically poled crystals. OPOs near 2 µm have an important application as pump sources for mid-IR OPOs. In early realizations of tandem OPO systems type-II interaction in bulk KTP crystals was used for the first-stage OPO. The use of type-I interaction in QPM crystals can improve the system efficiency considerably due to the higher nonlinearity and walk-off free interaction. It also enables the use of both signal and idler for pumping the MIR OPO. However, spectral narrowing is mandatory for efficient MIR OPO pumping, as shown below. The traditional ways to reduce the bandwidth of an OPO by use of etalons and gratings in the cavity [3, 4] are not optimal due to additional losses and limited free-spectral range of etalons. Moreover, an additional intracavity element increases the OPO cavity length which also reduces the efficiency. The use of a volume Bragg grating (VBG) output coupler in an OPO cavity, first demonstrated by Jacobsson et al. [5] , has been shown to be a more efficient way of narrowing the spectrum of an OPO. We have previously shown narrowband singly-resonant OPO operation near degeneracy with both PPLN and PPKTP crystals [6] [7] [8] [9] . Efficient pumping of a ZGP OPO by the combined signal and idler from a periodically poled KTP (PPKTP) OPO with a VBG was also demonstrated [8, 9] .
Thus after theoretically determining the pump bandwidth limitation in the tandem OPO system, we experimentally investigate the longitudinal mode spectrum of a nearly-degenerate singly-resonant PPKTP OPO (SRO) with VBG output coupler, pumped by a multilongitudinal mode laser. In particular, we demonstrate that by employing a narrowband VBG the SRO operation can be achieved even when the signal and the idler spectra start overlapping. This allows effective SRO operation in the type-I QPM OPO very close to degeneracy, thus avoiding overconstrained doubly-resonant situation which would result in a highly unstable operation in the OPO without active cavity stabilization. We also show how the temporal coherence of the pump plays a crucial role in formation of the nonresonant idler spectrum.
Pump bandwidth limitation in tandem OPO
The acceptance bandwidth of the pump in parametric devices can be estimated from the phase matching condition only when one of the parametric waves has fixed frequency. For instance by assuming a fixed signal wavelength the pump acceptance bandwidth ∆ω p to the first order can be obtained from Eq. (1) (see e.g [10] .):
where L is the length of the nonlinear crystal and v g,p , v g,i are the group velocities of the pump and the idler waves, respectively. For a 14 mm long ZGP crystal pumped at 2.128 µm Eq. (1) gives a maximum pump bandwidth of 275 GHz, or 4.1 nm, for OPA of a single longitudinal mode signal at 3.7 µm. The situation in a free running OPO, is much more complicated as both signal and idler have finite spectral bandwidths and can adjust their wavelengths to compensate for a small change in the pump wavelength. A simulation model can be used to test the dependence of the OPO conversion efficiency on the pump bandwidth. The simulations were performed with the OPO simulation engine SISYFOS, developed at the Norwegian Defence Research Establishment [11] . As a large number of simulation runs were to be performed with high spectral resolution the simulation was done in plane wave geometry. The 2.128 µm pump spectrum is described by a Lorentz function and the spectral width given here is the FWHM bandwidth. The individual modes in the pump are assigned random complex Gaussiandistributed amplitudes, and the modulation pattern is periodic with a period that is several times shorter than the ZGP OPO roundtrip time with no fractional relation between the roundtrip times. In the simulated example, a ZGP OPO with parameters similar to the ones in earlier experiments by the authors [9] , three different pump energies were studied. From Fig.  1 it can be seen that there is both an increase in threshold energy and a decrease in slope efficiency when the pump bandwidth is increased. The simulation results (see Fig. 1 ) also show that there is no clear limit of the acceptable pump bandwidth but that the conversion efficiency gradually decreases with increasing bandwidth. Operation of the first-stage OPO exactly at degeneracy should be avoided due to the doubly-resonant oscillation nature with increasing output fluctuations owing to backconversion. Without active cavity stabilization and pump retro-reflection, the operation of type-I OPOs at degeneracy result in lower conversion efficiency. With signal and idler separated in frequency but having the same polarization they can still be used for pumping of the same second stage OPO, which is not the case when a type II OPO is used for the first OPO stage. Consequently we simulated the effect of detuning from degeneracy for the firststage OPO on the output energy of the second-stage ZGP OPO. The pumping spectra used were not realistic OPO spectra but two identical spectra of the same type that were used when simulating the effect of the bandwidth. The results for different pump energies are shown in Fig. 2 . If the detuning is not too large, say below 500 GHz (7.5 nm), there is clear evidence that both the signal and idler coherently contribute to the output of the second OPO. This leads to enhancement of the total system efficiency. For larger detuning, the coherent enhancement gradually decreases and the ZGP OPO will generate two independent multimode signal-idler pairs pumped by the signal and idler of the first OPO, respectively. This effect is illustrated in the right part of Fig. 2 where the simulation with 40 GHz (0.6 nm) detuning from degeneracy of the signal in the first OPO gives a single broad peak for the signal and one for the idler of the ZGP OPO while the simulation with 500 GHz (7.6 nm) detuning in the first OPO gives double peaked signal and idler spectra. The double peaked nature of the spectra has also been observed experimentally [9] . Fig. 2 . Left: The calculated output energy of the ZGP OPO pumped by the signal and idler of an OPO with varying detuning from degeneracy. Solid lines are the simulations with both pump components applied simultaneously and dashed lines with the two components simulated separately and the generated energy summed afterwards. The total pump energies were 100, 300, 500 and 700 µJ with half of that energy in each component. Right: Output spectra from two of the simulations where the pump was detuned 40 GHz (blue) and 500 GHz (red) from degeneracy.
Experimental setup
The pump laser was a commercial multi-longitudinal mode diode-pumped Q-switched Nd:YVO 4 -slab laser, providing a maximum energy of 1.8 mJ in 9 ns-long pulses. For the OPO mode characterization experiments the pump laser was operated at 100 Hz repetition rate in order to avoid increased heat-load and associated spectral shift in the reflectivity of the OPO VBG output coupler. The pump laser spectral width was found to be 28 GHz by measuring interference fringe visibility using an image-rotating Michelson interferometer, where one arm used two mirrors in a corner reflector arrangement while the other arm used a flat mirror on a translator (similar to the arrangement in [12] ). An optical isolator was used to decouple the pump laser from the OPO cascade, while the half-wave plate-polarizer combination was used to adjust pump power. The pump beam was loosely focused to a waist (1/e 2 intensity radius) of 0.34 × 0.30 mm 2 in the horizontal and vertical directions, respectively.
Two different 1 mm-thick PPKTP crystals having physical lengths of 20 mm and 10 mm (with corresponding lengths of QPM periods of 16 mm and 8 mm, respectively) and QPM periods of 38.85 µm and 38.8 µm, respectively, were used as the OPO gain media. For the longer crystal proper care was taken to prevent parasitic oscillation by AR coating (for pump and signal) and non-parallelism of the crystal optical faces, while the shorter crystal was uncoated. The parametric gain for both crystals was kept at degeneracy by adjusting the PPKTP temperatures (temperatures of 57 °C and 89 °C for QPM periods of 38.85 µm and 38.8 µm, respectively). Different crystal lengths allowed variation of the OPO longitudinal mode separation and to reach operational regimes where the effect of the pump coherence on the idler output spectrum could be easily demonstrated.
We used a simple linear OPO cavity which employed a dichroic incoupling mirror, highly transmitting for the pump and highly reflecting for the signal-idler range. The cavity was completed by one of three available output couplers, namely, a broadband dielectric mirror reflective between 2 µm and 2.4 µm, a VBG1 reflective at 2128.6 nm and a VBG2 reflective at 2122 nm. The VBG reflectivity spectra were 0.5 nm (FWHM) in both cases. All output couplers had a nominal maximum power reflectivity of 50%. The VBG optical surfaces were polished to give a small angle between the surface normal and the grating vector to avoid broadband feedback and then AR-coated for the pump and signal wavelengths. This means that the cavity was perfectly singly resonant (at least for VBG2) and that there was no pump feedback. In order to obtain resolution in the measurements of individual longitudinal modes, the OPO cavity lengths were kept as small as possibly, ultimately determined by the mechanical constraints.
For lower resolution spectral measurements we employed a grating monochromator with an effective resolution of 0.5 nm. The OPO longitudinal modes were resolved using a scanning plane-mirror Fabry-Perot interferometer with a finesse of 70. The Fabry-Perot mirror separation of 1.5 mm gives a frequency resolution of about 1.4 GHz. During measurement the Fabry-Perot was repeatedly scanned over the range of up to 4 free spectral ranges (FSR) with one data point in the frequency scan corresponding to one OPO pulse. The total length of the scans corresponds to up to 16 000 OPO pulses. The estimated frequency measurement error is about 10% and arises from the accuracy in determining the mirror spacing and the FSR measurement.
Experimental results and discussion
The PPKTP OPO output spectra obtained with the three different output couplers are compared in Fig. 3 . Here the spectrum was measured with the grating monochromator. In the OPO with the dielectric mirror output coupler the spectrum extends over 14 THz and, by reference to Fig. 1 it can be seen that most of the generated power would be wasted in the cascaded OPO scheme. For the VBG output couplers the OPO spectral widths are limited by the monochromator resolution. Figure 4 shows the signal and idler spectra of the OPO containing the 20 mm-long PPKTP with the VBG2 output coupler (reflective at 2122 nm) as measured by the Fabry-Perot interferometer. The 13 nm separation of signal and idler corresponds to 8.6 times the FSR, so that the different orders of signal and idler were interleaved with each other, but the signal and idler spectra of different orders did not overlap significantly. In the resonant signal spectrum several longitudinal modes are clearly visible with an average mode separation of 3.44 GHz. arc tan tan h , d
where the detuning is ( ) The situation is qualitatively different in the OPO with the same VBG2 output coupler but containing a half as long PPKTP crystal and having approximately half as long OPO cavity. The signal and idler spectra in this OPO are shown in Fig. 5 . For this cavity the mode separation is theoretically around 6.25 GHz at the center of the grating and decreases to 6.1 GHz at the first zero in the VBG reflectance spectrum. The measured mode separation is 6.2 GHz in close agreement with the theoretical estimates. This means that the reflectivity variation between adjacent modes is significant and that only a few modes fits within the 33 GHz FWHM reflectance peak of the volume Bragg grating. The signal spectrum contains only three clear longitudinal modes. Obviously single-longitudinal mode operation can be achieved most easily by further reducing the bandwidth of the VBG output coupler. In contrast to the OPO with a longer cavity (see Fig. 4 ) the idler spectrum in Fig. 5 is modulated with a period corresponding to the signal mode separation in the cavity. The peaks are wider than the measurement resolution and clearly distinguishable. Moreover, we verified that the idler spectrum modulation persists when the OPO cavity length is slightly changed. The differences in the idler spectra for the OPO with long and short cavity cannot be attributed to the resolution of the Fabry-Perot interferometer because it was at least two-times better than the longitudinal modes separation of the longer cavity OPO signal. In order to understand the differences in the idler spectrum we need to take into account coherence properties of the multi-longitudinal mode Q-switched pump pulses. Spectrally resolved streak camera traces in [14] reveal that in an unseeded Q-switched laser adjacent longitudinal mode beating represented by a quasi-period temporal modulation of the intensity envelope are superimposed on apparently random variation of instantaneous spectral intensity maximum over the whole bandwidth of the Q-switched pulse. This behavior can be understood if one considers that there is certain phase correlation among adjacent longitudinal modes comprising the Q-switched pulse spectrum, while the relative phase (and amplitude) variations for the modes separated by more than a correlation radius, specific for each laser, remain largely uncorrelated. In principle this correlation radius could be determined by measuring the RF mode beating spectrum of the pump. Next, we turn to the issue of the idler generated in a single-resonant OPO pumped by such partially coherent pump. The complex polarization dynamics that generates the idler can be expressed as in Eq. (3) [15] :
Here 0 ε is the dielectric constant and (2) R is the second order nonlinear response function, related to the more commonly used susceptibility by the Fourier transform. Causality demands that (2) R is zero for negative 1 τ and 2 τ . That the polarization depends on the field at earlier times is due to the mass of the charge carriers in the material, which can also be seen in the frequency dependence of longitudinal modes developed on the high-frequency side of the spectrum and broader coherence spikes on the low-frequency (the idler) side of the spectrum. This is again in agreement with the above explanation of the spectral behavior for a singly-resonant OPO. Furthermore, the OPOs with VBG1 output coupler demonstrate how the superior spectral selectivity of the VBG output couplers allows singly-resonant oscillation to take place even in the case where signal and idler spectra are not well separated. 
Conclusions
We have theoretically determined the spectral requirements of the first stage OPO operating around the degeneracy point at 2.128 µm for efficient pumping of a subsequent tandem ZGP oscillator. These requirements can easily be met in type-I QPM OPOs employing VBG output couplers. The singly-resonant oscillation in this type of device can be maintained even as the signal and idler spectra are not well separated. Investigations revealed that the relative modal phase correlation of the multi-longitudinal mode Q-switched pump laser and signal longitudinal mode separation play a significant role in the spectral shape of the nonresonant idler. It should be stressed that the spectra with VBG output couplers remained stable over the whole pumping range up to 3.5 times above the threshold. Finally, operating the OPO at 20 kHz repetition rate with a cavity containing the 20 mm PPKTP and the VBG2 output coupler we obtained 7.9 W of output radiation with a 30% conversion efficiency. The signal and idler from this configuration have also been used to simultaneously pump a ZGP OPO producing 3.2 W of mid-IR radiation corresponding to a conversion efficiency of 12% from 1.06 µm to the mid-IR [9] . This is one of the highest efficiencies reported from a tandem OPO system.
